Abstract. General interest in a precise determination of the threshold π-π amplitudes has recently increased markedly due to a controversy regarding the size of 0|qq|0 , the scalar quark condensate. This paper examines the current experimental information on the π-π scattering lengths, in particular the recent low energy πN → ππN data from several laboratories and the related application of the Chew-Low-Goebel technique well below 1 GeV/c momentum. It appears that uncertainties related to the treatment of non-pion-exchange backgrounds in these studies do not yet allow an unambiguous resolution of the 0|qq|0 size. However, near-term prospects for new model-independent results of improved precision are very good.
Motivation
Pion-pion scattering at threshold is uniquely sensitive to the explicit chiral symmetry breaking (ChSB) portion of the strong interaction and has, for this reason, been the subject of detailed study for over thirty years, both theoretically and experimentally. After QCD gained universal acceptance as the theory of the strong interaction, long-time controversies regarding the mechanism of the explicit breaking of chiral symmetry were laid to rest and the Weinberg picture [1] was recognized as valid at the tree level, providing a firm prediction for a(ππ), the pion-pion scattering lengths.
However, QCD is not directly applicable at low energies, except numerically on the lattice, which has not yet been established as a practical and reliable calculational method. Thus, knowing a(ππ), the π-π scattering lengths, precisely has remained an important goal, as these quantities provide a direct and sensitive constraint on parameters of the available effective low energy lagrangians. This is of particular importance for the chiral perturbation theory (ChPT) approach which provides a systematic framework for the treatment of low energy strong interactions in terms of diagrams with increasing powers of momentum and mass [2] . Consequently, improved calculations including one-loop [3] and two-loop [4] diagrams have been performed using standard ChPT.
Recently, however, a less restrictive version of ChPT was formulated by the Orsay group, referred to as the generalized chiral perturbation theory (GChPT) [5] . This approach makes fewer theoretical assumptions and consequently has more parameters than the standard ChPT for the lagrangian terms of a given power of momentum or mass. As in standard ChPT, all parameters need to be constrained by data. A particularly interesting possibility that is allowed in GChPT concerns the very mechanism of chiral symmetry breaking, as follows.
The standard picture of ChSB assumes a strong scalar quark condensate:
where F π ≃ 92 MeV is the pion decay constant. In the standard ChPT calculation, which relies on the above assumption, the s-wave ππ scattering lengths a I l=0 (ππ) are predicted to be (including terms with up to two loops [4] ): 
where I = 0, 2 are the allowed values of dipion isospin and µ is the chargeindependent pion mass. The Orsay group has argued for some time that the assumption in (1) is not clearly justified by the available experimental evidence, and has claimed that a much weaker scalar quark condensate must, in principle, be allowed [6, 5] . The consequences of such a scenario are many, not the least of which are radically different light quark mass ratios than the ones generally accepted now [6, 7] . The only practical observables sensitive to the size of 0|qq|0 are the s-wave ππ scattering lengths.
In particular, using the GChPT formalism and a weak scalar quark condensate, the Orsay group found that the most likely value of a 0 0 (ππ) (calculated including one and two loop diagrams) would be ∼0.27 µ −1 [7, 8] , about 30 % higher than the standard ChPT calculation. Clearly, a measurement of the s-wave ππ scattering length with about 10 % precision is required in order to differentiate experimentally between the two theoretical results.
Although there have been many attempts at evaluating the ππ scattering lengths from available data over the years, the result generally accepted as most reliable is based on a comprehensive phase shift analysis of peripheral πN → ππN reactions and K e4 decays completed in 1979 [9] . The values reported in that work are 
This result is clearly not precise enough to resolve the above theoretical controversy. We proceed to examine the more recent experiments and related attempts at extraction of new, more precise values of a(ππ).
Experiments on Threshold π-π Scattering
As free pion targets cannot be fabricated, experimental evaluation of ππ scattering observables is restricted to the study of a dipion system in a final state of more complicated reactions. Scattering lengths are especially hard to determine since they require measurements close to the ππ threshold, where the available phase space strongly reduces measurement rates. Over time several reactions have been studied or proposed as a means to obtain nearthreshold ππ phase shifts, such as πN → ππN , K e4 decays, π + π − atoms (pionium), e + e − → ππ, etc. In practice, only the first two reactions have so far proven useful in studying threshold ππ scattering, although there are ambitious plans to study pionium in the near future. The main experimental methods and current results are discussed below.
K e4 Decays
By most measures, the K + → π + π − e + ν decay (called K e4 ) provides the most suitable tool for the study of threshold ππ interactions. The interaction takes place between two real pions on the mass shell, the only hadrons in the final state. The dipion invariant mass distribution in K e4 decay peaks close to the ππ threshold, and only two states, l ππ = I ππ = 0 and l ππ = I ππ = 1, contribute appreciably to the process. These factors, as well as the well understood V − A weak lagrangian giving rise to the decay, favor the K e4 process among all others in terms of theoretical uncertainties. Measurements are, however, impeded by the low branching ratio of the decay, 3.9 × 10 −5 . Thus, K e4 decay data provide information on the π-π phase difference δ Clearly, the available K e4 data are of insufficient accuracy. Taken alone they provide a ∼ 35 % constraint on a 0 0 . Only after they are combined with ππ phase shifts extracted from peripheral πN → ππN reactions (see Sect. 2.2) is it possible to reduce the uncertainties to the level of about 20 %, as quoted in (3). However, new, substantially more precise K e4 data are expected in the near future (see Sect. 3).
We note that K e4 decays provide no information on the I = 2 ππ phase shifts. Hence, other reactions must be used to supplement the K e4 data in order to study I = 2 ππ scattering.
Peripheral πN → ππN Reactions at High Momenta
Goebel as well as Chew and Low showed in 1958/59 that particle production in peripheral collisions can be used to extract information on the scattering of two of the particles in the final state [13] . This approach is, of course, useful primarily for the scattering of unstable particles and has been used to great advantage in the study of the ππ system. Applied to the πN → ππN reaction, the well-known Chew-Low formula, extracted from Ke4 data is plotted against mππ, the dipion invariant mass. Full circles: Rosselet et al. [10] ; open squares Zylberstejn [11] ; open triangles Beier et al. [10] . The three curves correspond to phase shift solutions assuming three different values of a 0 0 , as noted.
relates σ ππ (m ππ ), the cross section for pion-pion scattering, to double differential πN → ππN cross section and kinematical factors: p, momentum of the incident pion, m ππ , the dipion invariant mass, t, the Mandelstam square of the 4-momentum transfer to the nucleon, k = (m 2 ππ /4 − µ 2 ) 1/2 , momentum of the secondary pion in the rest frame of the dipion, f π , the pion decay constant, and α = 1 or 2, a statistical factor involving the pion and nucleon charge states. The method relies on an accurate extrapolation of the double differential cross section to the pion pole, t = µ 2 , in order to isolate the one pion exchange (OPE) pole term contribution. Since the exchanged pion is off-shell in the physical region (t < 0), this method requires measurements under conditions which maximize the OPE contribution and minimize all background contributions. Thus, suitable measurements require peripheral pion production at values of t as close to zero as possible, which becomes practical at incident momenta typically above ∼3 GeV/c.
The essential steps of the Chew-Low-Goebel procedure are illustrated in Fig. 2 . The method relies on the assumption that the dominant process in peripheral pion production (small |t|) is the OPE. Since the pion has the smallest mass of all hadrons, the OPE pole lies closest to the physical region (t < 0) of any competing terms. Thus, for small |t|, the non-OPE background varies much more slowly than the OPE term which, in turn, is proportional to t/(t − µ 2 ) 2 . Hence, measured πN → ππN differential cross sections are plotted in the so-called Chew-Low plane, m ππ against t, as shown in Fig. 2 . Data points are subdivided into bins (strips) of m ππ and for each bin the Chew-Low extrapolating function F , defined as
is extrapolated to the pion pole t = µ 2 which lies outside of the physical domain. When angular momenta higher than l = 0 contribute significantly in the ππ system, F (s, t, m ππ ) must first be decomposed into spherical harmonics and the resulting amplitudes extrapolated to the pion pole. The Chew-Low method has been refined considerably over time, particularly by Baton and coworkers [14] . Crossing, Bose and isospin symmetries, analyticity and unitarity, provide dispersion relation constraints on the ππ phase shifts, the "Roy equations" [15, 16, 17] . Roy equations are indispensable in evaluating ππ scattering lengths due to the restricted phase space of peripheral πN → ππN reactions below m ππ ≃ 500 MeV; dispersion relations embodied in the Roy equations make use of more accurate data available at higher ππ energies, compensating thus for the limitations of low-m ππ data.
Since the Chew-Low-Goebel method relies on extrapolation in a twodimensional space, it requires kinematically complete data of high quality, both in terms of measurement statistics and resolution-these have been the limiting factors in all analyses to date.
The data base for these analyses has not changed essentially since the early 1970's, and is dominated by two experiments, performed by the Berkeley [18] and CERN-Munich [19] groups. The latter of the two measurements has much higher statistics (300 k events compared to 32 k in the Berkeley experiment). A comprehensive analysis of this data base, with addition of the GenevaSaclay K e4 data, was performed by Nagels et al. [9] , as discussed in Sect. 2. 
This interesting analysis may have been affected adversely by the way the original CERN-Cracow-Munich data were preserved. Nevertheless, like the work of the Kurchatov Institute group, this work points out that peripheral πN → ππN data may indeed favor a lower value of a 0 0 than indicated by the presently available K e4 data.
It is regrettable that new high energy (E π > 3 GeV) peripheral πN → ππN measurements are not planned in the future. Therefore much attention during the last decade has been devoted to the study of the πN → ππN reaction at lower energies, p π ≤ 500 MeV. These results are discussed next.
Inclusive πN → ππN Reactions Near Threshold
Weinberg showed early on [1] that the OPE graph dominates the πN → ππN reaction at threshold. Subsequently, Olsson and Turner constructed a softpion lagrangian containing only the OPE and contact terms at threshold [23] . This enabled them to introduce a simple parametrization of the relation between the ππ and πN → ππN threshold amplitudes. Although this work was superseded by the emergence and general acceptance of QCD, it did provide the impetus for a number of inclusive measurements of πN → ππN total cross sections near threshold. Results of these studies published before 1995 are reviewed in detail in Ref. [24] . That data base has remained unchanged, apart from small additions that are discussed below.
As in peripheral pion production at high energies, there are 5 charge channels accessible to measurement,
Total cross sections of the five reactions are described by only four independent isospin amplitudes A 2I,Iππ , namely, A 31 , A 32 , A 10 and A 11 , where I is the total (πp) isospin and I ππ is the isospin of the dipion system. Two of the four amplitudes vanish at threshold due to Bose symmetry. Thus, the amplitudes are, in principle, overconstrained by data; this redundancy is welcome given how difficult absolute measurements near threshold are.
The amount and quality of available inclusive near-threshold πN → ππN data, especially that collected since 1985, is impressive and has resulted in relatively rigorous constraints on the ππN isospin amplitudes. This is illustrated in Fig. 3 which shows the whole data base in the form of quasi-amplitudes obtained by removing from the angle-integrated cross sections the uninteresting but strong energy dependence due to the reaction phase space.
The current data base is increased compared to that of 1994 by the addition of new, more precise π ± p → π ± π + n cross sections very near threshold from TRIUMF [25] . The new measurements have confirmed the same group's earlier published data [26] on the π + p → π + π + n reaction, thus definitively invalidating older data taken by the OMICRON collaboration at CERN [27] (high-lying points with large error bars in the bottom panel of Fig. 3) .
In spite of the relative abundance and high accuracy of the near-threshold inclusive pion production data, their interpretation in terms of ππ scattering lengths has been plagued by theoretical uncertainties. This shortcoming has recently been successfully addressed within the framework of the heavy baryon chiral perturbation theory (HBChPT) [28] . Theoretical uncertainties Fig. 3 . Summary of the published πp → ππN inclusive cross section data, shown here with the factor (p 2 × phase space) divided out, where p is the beam momentum. Solid lines shown in the figure are the result of a simultaneous fit of the ππN isospin amplitudes. The corresponding fit uncertainties are denoted by dashed lines. For details see Ref. [24] .
limited the ability of this analysis to produce a stringent constraint on the I = 0 ππ channel. However, the HBChPT study did provide a restrictive new I = 2 scattering length. The two results are: 
The a 
Any analysis based on HBChPT cannot, however, be expected to result in ππ scattering lengths different from the standard ChPT prediction because the latter is built into the lagrangian used.
Chew-Low analysis of Low Energy πN → ππN Data
Given the theoretical uncertainties in the interpretation of inclusive πN → ππN data near threshold, it was suggested some time ago to apply the ChewLow method to low energy πN → ππN data [30] . Recently several exclusive πN → ππN data sets suitable for such treatment have become available. These are, in the order in which they were measured: [32] , and (c) π − p → π − π + n data from TRIUMF [33] . We discuss below the current results of two analyses: first, of the LAMPF E1179 data, set (b) above, by the University of Virginia group, and, second, of the CHAOS data, set (c) above, by the TRIUMF group.
Chew-Low Analysis of LAMPF E1179 Data. A Virginia-Stanford-LAMPF team studied the π + p → π + π 0 p reaction at LAMPF at five energies from 190 to 260 MeV [32] . The LAMPF π 0 spectrometer and an array of plastic scintillation telescopes were used for π + and p detection. Three classes of exclusive events were recorded simultaneously: π + π 0 and π 0 p double coincidences, and π + π 0 p triple coincidences. Since the acceptance of the apparatus and the backgrounds were significantly different for the three classes of events, this experiment had a strong built-in consistency check. The π + p → π + π 0 p reaction is sensitive only to the I = 2 s-wave ππ scattering length. Figure 4 illustrates the main source of difficulty in this analysis, namely, the relatively broad energy resolution that considerably smears the cross section data bins in a Chew-Low plot of m ππ against t. Consequently, in order to obtain a physically interpretable array of double differential cross section bins, a complicated deconvolution procedure had to be implemented first [34] . Limited counting statistics presented an additional difficulty in the analysis, as it increased the uncertainties in both the deconvolution procedure and in the final Chew-Low extrapolation.
Preliminary results of this analysis for one bin of m ππ = 2.26 ± 0.18 µ are shown in Fig. 5 . Open circles in the figure indicate data points excluded from the Chew-Low extrapolation procedure due to large value of |t| > 6 µ 2 , where OPE is weak, and the smallest |t| point which has a large normalization uncertainty due to the cross section deconvolution procedure. The resulting ππ cross section is 0.79±0.56 mb. A proper procedure to extract a 2 0 (ππ) would be to include the new data point in a comprehensive dispersion-relation ππ phase shift analysis. Uncertainties in the current analysis do not justify such an undertaking at this time. However, the precision one might expect from this result is illustrated by evaluating a 2 0 from the above cross section datum directly. Doing so one obtains
which shows that the current status of this analysis does not provide a strong new constraint of the ππ phase shifts. In comparison, the BNL π − p → π 0 π 0 n data, while having much higher event statistics, are characterized by an even broader energy resolution and poorer coverage of the low |t| region critical for the Chew-Low extrapolation.
Chew-Low Analysis of the CHAOS π
The most significant development in this field in the past few years has been the construction and operation of the Canadian High Acceptance Orbit Spectrometer (CHAOS), a sophisticated new detector at TRIUMF [35] . This impressive device, composed of a number of concentric cylindrical wire chamber tracking detectors and total energy counters mounted between the poles of a large bending magnet, provides nearly 360
• of angular coverage for in-plane events, with excellent acceptance for multi-particle events. It is no surprise that the CHAOS collaboration has very quickly measured the most comprehensive set of exclusive in-plane π − p → π + π − n cross sections below 300 MeV. The CHAOS π − p → π + π − n data set covers four incident beam energies between 223 and 284 MeV. Unlike the LAMPF and BNL measurements, these data have an excellent energy resolution of σ ≃ 4.8 MeV. In order to carry out a Chew-Low analysis, the CHAOS collaborators binned their data into an acceptance-corrected 10×10×10 lattice of m 2 ππ , t and cos θ. The cos θ dimension was integrated out, resulting in double-differential cross sections d 2 σ/dm 2 ππ dt, which were used to construct the Chew-Low extrapolating function F (s, m ππ , t), as given in (5). A linear fit over a carefully selected interval in t was made for every bin of m 2 ππ . The resulting fits and linear extrapolation are shown in Fig. 6 . Fig. 6 . Plots of the Chew-Low extrapolation function F (s, mππ, t) produced by the CHAOS group [33] . The points at t = +µ are deduced from extrapolation and yield the ππ cross section. Solid circles: data points used in the linear fit; crosses: data points not used in the fit.
From the extrapolated values of F (s, m ππ , t) the authors extracted ππ cross sections at six ππ energies in the range m 2 ππ = 4.15-5.65 µ 2 with uncertainties ranging from about 16 % at the lowest energy to 63 % at the highest. These ππ cross section data were then added to the data base of Ref. [21] , and a Roy equation constrained phase shift analysis was performed following the same procedure as in Ref. [21] . One parameter, a 0 0 , was left free to vary in the analysis. Minimizing the χ 2 of the fit, the authors obtained
which would strongly confirm the validity of the standard ChPT and the strong scalar quark condensate implied therein, at the same time ruling out the possibility of the weak scalar quark condensate proposed by the Orsay group [6, 5] .
Problems with the Chew-Low-Goebel Method at Low Energies? Bolokhov et al. of the Sankt Petersburg State University have recently performed a detailed study of the reliability of the Chew-Low method at low energies using sets of synthetic πN → ππN "data" between 300 and 500 MeV/c [36] . The quoted study is the first one to date to address theoretically the validity of the Chew-Low-Goebel method in the low energy regime where this technique has not been traditionally applied. Given the complex nature of the issue, it would be premature to write off using the method at low energies altogether. Clearly, a critical examination of the problem is strongly called for. However, before the matter is finally resolved, we cannot accept the CHAOS result in (12) as definitive, in spite of the high precision of the new CHAOS data, and of the elegance of the analysis.
Further grounds for caution regarding the Chew-Low-Goebel method at low energies are found in the pronounced pion beam energy dependence of the extrapolated ππ cross sections in the lowest m 2 ππ bin, a possible indication of a residual non-OPE background not properly removed by the analysis. It must be pointed out, however, that the authors found that their result in (12) did not change significantly when the lowest energy ππ cross section was dropped from the analysis. On the other hand, the same group's π + p → π + π + n data were incompatible with linear fits in terms of F (s, m ππ , t), indicating a strong dominance of non-OPE processes in that reaction channel.
Summary of Current Results and Future Prospects
Theoretical predictions and experimental results on the ππ scattering lengths published to date are plotted in Fig. 7 in the a [3] (full square), ChPT two-loop calculation [4] (full triangle), and analyses of experimental data: Nagels et al. [9] (oval contour), Patarakin et al. [21] (oblique quadrangular contour), HBChPT analysis of Bernard et al. [28] (solid rectangle), and Olsson's dispersion-relation constraint of the HBChPT result [29] (dashed lines).
We note that the current analyses of the available K e4 and πN → ππN data (excluding the not yet fully established low energy application of the Chew-Low method) are not sufficiently accurate to distinguish between the two scenarios of chiral symmetry breaking, i.e., between the standard strong scalar quark condensate picture and the one with a weak 0|qq|0 .
At the same time the available analyses seem to favor slightly higher values of both a 0 0 and a 2 0 than the values predicted by standard ChPT. The threshold π-π scattering experimental data base will improve significantly in the near future as several new experiments, listed below, bear fruit. The same experiments are discussed in more detail elsewhere in these Proceedings.
K e4 Data from BNL E865. Recently completed measurements carried out by the E865 collaboration at BNL have resulted in more than 3 × 10 5 K e4 decay events on tape [37] . Since the analysis of these data had not progressed far at the time of this writing, the final event statistics after the appropriate cuts are applied remains to be determined. For comparison, the data base of Rosselet et al. consisted of 30,000 events, so a significant improvement is expected from the BNL E865 work.
K e4 Data from DAΦNE. The KLOE detector at the Frascati φ factory DAΦNE will be used in an ambitious program of measurement of the K e4 decay. The expected accuracy of the ππ phase shift difference δ 0 0 − δ 1 1 to be extracted from this work is 5 % [38] , i.e., almost an order of magnitude improvement over the current result.
Lifetime of the π + π − Atom (CERN). The DIRAC experiment at the SPS at CERN [39] grew out of the first observation of the π + π − atom (pionium) at the Serpuhov laboratory [40] . The DIRAC project relies on the Lorentz boost of relativistic pionium to measure the lifetime of the pionium atom to 10 % accuracy. This, in turn, will constrain the ππ scattering length difference |a 0 0 − a 2 0 | with 5 % accuracy. In this respect, the pionium and K e4 decay experiments are complementary, as the latter provide no direct information on a 2 0 . As has been noted, further theoretical work is required to make use of the existing πN → ππN data, in particular to clarify the applicability of the Chew-Low-Goebel method at low energies. Additionally, better understanding of the electromagnetic corrections will be necessary in order to take full advantage of the forthcoming K e4 and pionium data. Thus, the next few years will be interesting on both the experimental and theoretical fronts.
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